The most commonly used predictive equation for basal metabolic rate (BMR) is the Schofield equation, which only uses information on body weight, age and sex to derive the prediction. However, because body composition is a key influencing factor, there will be error in calculating an individual's basal requirements based on this prediction. Objective: To investigate whether adding additional anthropometric measures to the standard measures can enhance the predictability of BMR and to cross-validate this within a separate subgroup. Design: Cross-sectional study of 150 Caucasian adults from Scotland, with a body mass index range of 16.7-49.3 kg/m 2 . All subjects underwent measurement of BMR, body composition, and 148 also had basic skinfold and circumference measures taken. The resultant equation was tested in a subgroup of 39 obese males. Results: The average difference between the predicted (Schofield equation) and measured BMR was 502 kJ/day. There was a slight systematic bias in this error, with the Schofield equation underestimating the lowest values. The average discrepancy between predicted and actual BMR was reduced to 452 kJ/day, with the addition of fat mass, fat-free mass, an overall 10% improvement on the Schofield equation (P ¼ 0.054). Using an equation derived from principal components analysis of anthropometry measurements similarly decreased the difference to 458 kJ/day (P ¼ 0.039). Testing the equation in a separate group indicated a 33% improvement in predictability of BMR, compared to the Schofield equation. Conclusions: In the absence of detailed information on body composition, utilizing anthropometric data provides a useful alternative methodology to improve the predictability of BMR beyond that achieved from the standard Schofield prediction equation. This should be confirmed in more individuals, both within the obese and normal weight category.
Introduction
Estimates of daily energy requirements are an essential element of many aspects of public health nutrition, such as predicting national or population food requirements (FAO/WHO/UNU, 1985) or defining when individuals have chronic energy deficiency (James et al., 1988) . Moreover, knowledge of daily energy needs, predicted as a multiple of basal metabolic rate (BMR), is used in the clinical setting to prescribe intakes for calorie-restricted diets as a part of dietary obesity therapy (e.g. SIGN, 1996) . A well-recognized feature of dietary surveys is that individuals underreport the amounts of food that they consume (McGowan et al., 2001) leading to erroneous estimates of dietary energy requirements. Usually, the classification of mis-reporters is based on their intakes falling below a critical multiple of BMR (Black et al., 1991) . Hence, accurately predicting BMR for individuals is an important issue for public health nutrition.
Measuring BMR is time consuming and requires specialized equipment (e.g. Stewart et al., 2005) that is generally unavailable in the clinical setting, and even if available, would be impractical to use in large-scale dietary survey work. Instead of measuring BMR directly, the main approach adopted involves the BMR factorial method (endorsed by the FAO/WHO/UNU, 1985), which predicts BMR from equations based on previous measures, which are then used to estimate daily energy requirements. There have been several prediction equations generated over the past century, dating back to the seminal work of Harris and Benedict (1919) . The most comprehensive summary was generated in the 1980s by Schofield and colleagues. This was based on a sample of 7173 subjects, accumulated across a total of 114 studies conducted mostly in the 1930s-1950s. The database included both males and females across a wide range of ages. Subjects had their BMR measured in addition to body weight, age and height. A series of prediction equations (including body weight and height as predictors) were then generated for males and females of different ages (Schofield, 1985a, b) .
A major disadvantage, however, of this approach is that it ignores the evident variation in BMR that remains even after the effects of mass and sex are taken into account. Typically, the predictive relationships for BMR have r 2 values in the range from 60 to 70% (reviewed by Shetty et al., 1996) leading to residual errors averaging 600-900 kJ (coefficient of variation 8-12%) (e.g., Jequier and Schutz, 1981; Dallosso and James 1984; Soares and Shetty, 1986; Weyer et al., 2000) . Studies employing more direct analyses of body composition, by for example dual energy X-ray absorptiometry, at the same time as BMR measurements, have revealed that the major predictor of BMR is fat-free mass (FFM) (Fukagawa et al., 1990; Cunningham 1991; Weinsier et al., 1992) , and this explains approximately 70% of the total variation, with some studies finding a secondary, independent contribution of fat mass (FM) (Nelson et al., 1992; Svendsen et al., 1993) . Because the 'Schofield equation' only includes body weight and height as predictors, with sex and age being accommodated by a series of different equations for various subgroups, the important roles played by FFM and FM in the determination of BMR raise the possibility that additional anthropogenic measures (such as circumferences or skinfolds) might enhance predictability, with a relatively trivial increase in the workload involved in the predictor measurements (Shetty et al., 1994) . With this in mind, the current study investigated whether the predictability of BMR is enhanced by adding additional anthropogenic information to the standard measures used in the Schofield equation.
Materials and methods

Subject characteristics
One hundred and fifty adults (females n ¼ 107, males n ¼ 43), aged between 21 and 64 years and with a body mass index (BMI) range of 16.7-49.3 kg/m 2 , were recruited (Table 1) by newspaper advertisement to participate in a study investigating genetic and environmental influences on body weight. This subject group was a representative sample of a Scottish population, with 20% obese (BMI 430 kg/m 2 ) and 54%
collectively overweight and obese (BMI425 kg/m 2 ) included in the study. Inclusion criteria specified that subjects were not consuming any specialized diet and not on medication (except oral contraceptives or sex hormone replacements in women). During recruitment, subjects underwent a medical examination and their general practitioners were contacted to confirm medical suitability to participate in the study. The study was approved by the Grampian Research Ethics Committee. Written informed consent was obtained.
Measurement of baseline anthropometry and BMR
Subjects attended the Rowett Human Nutrition Unit for measurements of body composition and metabolic rate under standardized fasted conditions. Subjects were instructed to fast overnight and not to consume caffeinated products or to smoke before attending the unit. Subjects arrived between 0700 and 0830 hours and were allowed to relax for about 30 min before measurements being made. Height was measured to the nearest 0.5 cm using a stadiometer (Holtain Ltd, Crymych, Dyfed, Wales, UK). Subjects were weighed after voiding, wearing light clothing, Finland) . Subjects were required to refrain from any physical activity before measurement. During the measurement, subjects lay on a bed in a thermoneutral room and were instructed to lie still but not to fall asleep. BMR was calculated from minute-by-minute data, using the equations of Elia and Livesey (1992) , using the mean of 15 min of stable measurements, with the first and last 5 min excluded. Details of calibration burns and repeatability testing have been described previously (Johnstone et al., 2005) .
Predicted BMR
The 'Schofield equation' (Schofield, 1985a ) is a series of six separate equations with BMR predicted from weight. The different equations refer to three age groups (age 18-60 years), for each sex. We used the appropriate equation set, for each individual, to predict the BMR.
Body composition
Body fat was measured by air displacement whole body plethysmography (BodPod Body Composition System, Life Measurement Instruments, Concord, CT, USA). The mean of two estimates of body volume was calculated using predicted lung volume (Crapo et al., 1982) . Percentage body fat was then estimated using the Siri formula (1961). Precision of the measurement is 0.30 kg fat (Dewit et al., 2000) . Repeatability measured on the Rowett Research Institute bod-pod is 70.9% body fat. This was calculated from individual data from 17 men, measured 3 days apart, being fed to energy balance in the intervening period. Skinfold thickness (SFT) and circumference measurements were applied following the WHO (1995) anthropometric guidelines. For skinfolds, Holtain skinfold calipers (Holtain Ltd., Dyfed, Wales, UK) were used, with the subject in a standing position. A tape measure and finger and thumb were used when the calipers were not large enough. The four sites were as follows (Durnin and Womersley, 1974) : (1) triceps, (2) biceps, (3) subscapular and (4) suprailliac. Body density was calculated using the equations of Durnin and Womersley (1974) and the Siri (1961) equation was used to estimate percentage body fat.
Girth measurements were made using a flexible metal measuring tape. Results were recorded in duplicate to the nearest 0.1 cm. Precision of the technique Mid-upper arm circumference (MUAC): measured at the mid point of the arm, defined as halfway between the tip of the acromion and the tip of the alecranon, while the elbow was bent at 901. The measurement was taken when the subject was standing with arms relaxed and hanging loosely to the side with palms facing inwards toward the thigh. Precision of the measurement is 0.3 cm (CV 0.6-1%) (Bishop, 1987) . Waist (abdominal) circumference: measured with subjects standing with their feet 25-30 cm apart as the mid-point between the inferior margin of the last rib and the crest of the illium. Measurements were made with the observer sitting in front of the subject, ensuring that the soft tissue is not compressed during the measurement and that the subject did not compress their abdomen. Precision of the measurement is 0.59 cm (CV 10.64%) (Ulijaszek and Kerr, 1999) . Hip (buttocks) circumference: measured with subjects standing with their feet together and arms hanging loosely by the side and palms facing inwards towards the thighs. Measurements were taken around the widest part of the trochanters (buttocks), while the observer was seated in front of the subject. Precision of the measurement is 0.66 cm (CV 5.56%) (Ulijaszek and Kerr, 1999) .
For two female volunteers, waist and hip girth were not obtained, and their data are recorded as missing. Precision of the SFT technique within the Rowett Research Institute lab was assessed by comparison of body fat measured by skinfold to that calculated by the four-compartment model (Pullicino et al. 1990 ) in 18 obese men. There was a difference of -0.8% body fat when all the data were pooled, indicating a slight underestimation using the skinfold technique; ignoring the sign of difference there was a 4.1% difference in absolute measurement.
The guidelines of the International Standards for Anthropometric Assessment (ISAK) were followed for intersubject repeatability, which is no more than 7.5% for skinfold measurement (Norton et al., 1996) . In practice, within this lab, the repeatability of measurement on the same subject by the same measurer, on different days, is À1.03 mm, which equates to a 0.24% difference in body fat estimation. This was calculated from data on 17 males, repeated 3 days apart, while fed to energy balance, as an average for the sum of the four sites.
Statistical analysis
All data were analysed using Minitab 14 software (Minitab Inc., PA, USA). To explore the relationships between measured BMR and potential predictive traits, regression analysis was used. We detected a slight heterogeneity in the variance of the BMR in relation to body mass and removed this by log conversion. The anthropometric traits were all intercorrelated, but the body composition traits less so. We performed a preliminary regression analysis using the raw body composition data as predictors. We then redescribed the body composition and the anthropometric data sets using principal components (PCs) analysis, using the respective correlation matrices. The resultant scores along the most significant axes were then used in regression analyses (stepwise procedure with both forward inclusion and backward deletion approaches) to determine the predictive value of body composition and the additional anthropometric traits. We compared the predictions of the different approaches (Schofield equation, body composition predictors and anthropogenic predictors) with the measured values and then compared the absolute errors between the different approaches using paired t-tests. The PCs analysis scores for the anthropometric traits were also applied within a separate population to cross-validate the equation.
Results
Measured and predicted BMR The subject characteristics are described in Table 1 However, numerically the negative deviations (measured lower than Schofield n ¼ 98) significantly outnumbered the positive ones (measured greater than Schofield n ¼ 52) (P ¼ 0.004, Sign test) and on average the difference between the measures (measured minus prediction) was À162.7 kJ (s.e. ¼ 50.7), significantly different from zero (t ¼ 3.21, P ¼ 0.002). We explored the distribution of individual differences further using a Bland-Altman plot (Figure 1b Predicting BMR with body composition data Using body composition data from the bod-pod measurements, FFM and FM were not significantly correlated (P ¼ 0.157). BMR was significantly positively related to FFM (Po0.001) (Figure 2a ), and FM (Po0.001) (Figure 2b ) and negatively associated with age (Po0.01) with the leastsquares fit multiple regression explaining 77.4% of the variation in BMR. Sex, weight and height were not significant predictors, suggesting these traits reflected effects on body composition and were excluded from the equation. The average discrepancy between predicted and actual BMR using this equation, ignoring the sign, was 452 kJ/day, with a range from -1. Although FFM and FM were not correlated with each other, these traits were associated with other predictors included in the regression (age, height and weight). We therefore redescribed the data using a PCs analysis to generate orthogonal predictors (Table 2 ). PC1 was dominated by the FFM and weight, and PC2 dominated by FFM. Age was the major factor influencing PC3. Height was not an important correlate of any of the first five PCs. Scores along the first two body composition PCs were significant predictors of the BMR. The least-squares fit predictive equation Log e BMR ðkJ=dayÞ ¼ 8:00 þ 0:00556 PC1 bc À 0:00817 PC2 bc ð3Þ explained 75.5% of the variation in BMR (F ¼ 226.6, Po0.001). Using this equation, 83 deviations were positive (measured greater than prediction) and 67 were negative (measured lower than prediction). We examined systematic bias in the predictions generated by this equation using a Bland-Altman plot (Figure 3 ). In this case there was also a weak significant positive relationship (r 2 ¼ 0.075, F ¼ 12.0,
Po0.001).
Predicting BMR with anthropometry data We also sought a relationship between BMR and other anthropometric measurements that could be obtained without specialized equipment, such the bod-pod. These included height, weight, SFT estimated % fat, waist and hip circumference and ratio, MUAC and summed skinfolds (SSFT). As many of these predictors co-varied, we redescribed the anthropometric variation using a second PCs analysis to obtain anthropometry data as a series of orthogonal predictors. Scores on components 1-5 explained a total of 96.4% of the variation (Table 3) . In this analysis, PC1 appeared to be an overall size component. PC2 was dominated by the effects of sex and height, whereas age dominated PC3. Scores on the first three components were significantly related to BMR, but higher component scores were not significant. When combined, the scores on these anthropogenic components from the bod-pod measurements. In both cases, there was a significant positive relationship and these traits were not correlated so the effects were independent. Figure 3 Bland-Altman plot for the comparison of measured BMR and that predicted by a multiple regression analysis using as predictors the scores on a PCs analysis redescribing the variation derived from analyses using the bod-pod and additional measures (height, weight, sex and age). Positive deviations outnumbered negative deviations and there was a weak but significant positive trend in the Bland-Altman plot (see the text for statistics). The mean difference between observed BMR and that predicted by the PCs derived equation from anthropometry was 458.5 kJ/day (ignoring sign), with a range of error from À1.14 to þ 1.95 MJ/day. The average improvement in prediction of BMR using additional anthropometry measures over the Schofield prediction was 43.8 kJ/day, an improvement of 8.8% compared with the Schofield equation (comparison of absolute errors to measured values using two approaches, Schofield and anthropogenic-paired t-test ¼ 2.08, P ¼ 0.039). The overall balance of positive and negative deviations in this case was much better with 75 negative deviations (measured lower than prediction) and 73 positive (measured higher than prediction). Nevertheless, the Bland-Altman plot still revealed a similar weak positive relationship (Figure 4 ) (r 2 ¼ 0.086, F ¼ 13.08, Po0.001).
There was no significant difference in the deviation of predicted from actual when using the equations derived from measures using the bod-pod and those derived from anthropometry (paired t-test, P ¼ 0.839). Examination of the data at the extremes revealed that the prediction based on anthropometry was associated with improved precision compared with the Schofield equation. The 20 most deviant observations from the Schofield equation (ignoring sign) differed from the prediction by on average 1.28 MJ/day. The anthropometric prediction reduced these discrepancies to, on average, 1.07 MJ/day (19.6% improvement) in comparison with an 8% reduction in the precision of the equation looking at the 20 worst estimates of the anthropometric prediction, when compared to the Schofield estimate. Hence, whereas the overall improvement by using anthropometry was modest, in the individuals who were most discrepant to the Schofield prediction the improvement in the prediction was much greater. This improvement can be visualized in the Bland-Altman plots by the reduced frequency of values that were greater than 0.2 log units from the mean (compare Figure 1b 
Discussion
Previous studies have highlighted problems in predicting BMR from the Schofield equation, especially when used for Figure 4 Bland-Altman plot for the comparison of measured BMR and that predicted by a multiple regression analysis using as predictors the scores on a PCs analysis redescribing the variation derived from standard anthropometric analyses. Positive and negative deviations were almost equal but there was still a weak but significant positive trend in the Bland-Altman plot (see the text for statistics).
populations not included in the original data set (Horgan and Stubbs, 2003) . Indeed, Schofield himself recognized the limitations of this non-standard data set (Schofield, 1985b) . Within the current study, the discrepancy between predicted and observed BMR averaged approximately 7.9%, being similar to that observed in other studies in elderly (4.5%, Luhrmann and Neuhaeuser Berthold, 2004) , Maltese women (5.4%, Pullicino et al., 1996) and Mexican adult men (8.2%, Valencia et al., 1994) . Two studies conducted in Australian males have also reported differences in measured BMR and calculated BMR (Schofield) of 513 kJ/day (Piers et al., 1997) , and 518-600 kJ/day (van der Ploeg et al., 2001) , similar to that in the current study (502 kJ/day). An error in the estimation of resting energy requirements (REEs) will be amplified when these data are used to predict total energy requirements. For example, if daily energy expenditure (DEE) were all 1.6 Â the observed BMR, then the distribution of DEEs would have an average at about 10.4 MJ/day. Using an underreporting cutoff at 1.4 Â , BMR gives a cutoff value of 9.1 MJ/day. This is 1.3 MJ below the mean. With an s.d. of 0.8 MJ/day (i.e. the observed 502 kJ/day Â 1.6), the value of 1.3 MJ gives a z-score of 1.625. On a normal distribution this means that almost exactly 5% of the subjects would be classed as underreporters even if they were actually expending DEE at 1.6 Â BMR and consuming energy to match. These data suggest that an apparent underreporting rate of 5% will be generated from the error in the Schofield equation alone.
Few studies have sought to compare the improvement in the estimation of BMR with the addition of simple anthropometric measures to those obtained from more complex 'gold-standard' laboratory-based techniques. One such study involved a multiple regression equation, using the predictors of mass, height and age and gave a correlation of 0.841 with BMR and the SEE was 521 kJ/day (van der Ploeg et al., 2001) . Subsequent inclusion of FFM as a predictor increased both the R and the accuracy of prediction of BMR, but there was virtually no difference between FFM via the four-compartment model (R ¼ 0.893, SEE ¼ 433 kJ/day) and that predicted from SFTs (R ¼ 0.886, SEE ¼ 440 kJ/day). Hence, both measurements were equally good at improving average estimation of BMR as also observed in the current study.
Other authors also suspect that the present prediction equations per se are not ideal for a 'modern, affluent population' (Muller et al., 2004) . A large, cross-sectional study on REE and body composition was conducted on 2528 subjects aged 5-91 years in seven different German centres between 1985 and 2002, to assess the WHO prediction equations. They also found that the equations systematically overestimated REE at low REE values but underestimated REE at high REE values. Similar to our data, the Schofield prediction also systematically overestimated BMR for a population that was largely 'normal' in body size. There were significant and independent effects of sex, age, body mass or FFM, and FM on REE in that study, findings confirmed by the PCs analysis conducted here. Multivariate regression analysis explained up to 75% of the variance in REE, with similar values (73-77%) from the body composition and anthropometry-derived equations respectively, in the current study. The authors derived two prediction formulas including weight, sex and age or FFM, FM, sex and age, respectively, in a subpopulation and cross-validated in another subpopulation and similarly found that for small populations, significant deviations were still observed for underweight and normal-weight subjects.
Within the current study, our equation was cross-validated against an independent population of obese men, who are a subgroup of subjects within the range that the equation was derived for. We recognize this as a limitation, in that the validation data has a different distribution of characteristics. Future work would need to include a range of subjects as further validation for the new equation.
Conclusions
Within the current study, the error between predicted and observed BMR was reduced by inclusion of anthropometrybased data within the Schofield equation, which was crossvalidated within a separate population. In the absence of detailed information on body composition, utilizing anthropometric data may provide a useful alternative methodology by which to improve the predictability of BMR. This should be confirmed in more individuals, both within the obese and normal weight category.
